We have investigated the nonlinear propagation of light in photonic crystal fibers filled with nematic liquid crystals. We analyzed a configuration with a periodic modulation of the refractive index corresponding to a matrix of waveguides. Matrices of coupled waveguides allow observing a variety of new phenomena both for low power light beam propagation and with an existence of nonlinear effects. The opportunity for the creation of solitary waves caused by the interplay between diffraction and nonlinear effects in these kinds of fibers is investigated. At low power the propagating light beam spreads as it couples to more and more waveguides. When the intensity is increased the light modifies the refractive index distribution, inducing a defect in the periodic structure. The creation of such a defect can lead to a situation in which the light becomes self-localized and its diffractive broadening is eliminated. Eventually, in the case of positive Kerr-type nonlinearity, a discrete soliton can be created. In the case of negative nonlinearity the refractive index decreases with the optical power and can lead to bandgap shifting. The incident beam, with a frequency initially within the bandgap, is then turned outside the bandgap resulting in the changing of the propagation effect for the discrete diffraction effect. As a consequence the delocalization of the light can be observed. 
Introduction
Photonic crystal fibers (PCFs) attract much interest in the last years because of their distinguished linear and non- * Presented at 9-th International Workshop on Nonlinear Optics Applications, NOA 2007, May 17 -20, 2007 , Świnouj scie, Poland † E-mail: ulaudyn@if.pw.edu.pl linear properties, as well as huge number of potential applications. Generally PCFs are in the form of microstructured optical fibers consisting of air holes arranged in a background material, which is usually silica [1] . The waveguiding properties of PCFs, depending on the structure, can be explained as the modified total internal reflection (mTIR) in so-called index guiding fibers or as the Photonic Band Gap (PBG) propagation in PBG-guiding fibers [1] [2] [3] . In the index-guiding PCFs the light is guided in the silica central core because this region can support modes with a propagation constant higher than the highest one that can occur in the cladding region. In the PBG PCFs light can propagate in the central defect which is realized by inserting a capillary with a different diameter or different refractive index compared to the other capillaries in the cladding region. The propagation of the electromagnetic wave in certain frequency bands may be forbidden within the cladding region. In particular the light can be guided in the core with lower refractive index than the effective cladding refractive index. The presence of air holes in the cladding region of PCFs makes them highly-engineerable microstructures. These structures have several parameters one can manipulate, thus providing general design flexibility and exhibiting different physical properties compared to conventional optical fibers. The air-filled capillaries running parallel through the entire length of the fiber have also given the possibility of infusing liquid materials into PCFs, which has opened a new opportunity to investigate this kind of structure [4] [5] [6] [7] [8] . A very interesting idea is the use of nematic liquid crystals (NLCs) to obtain a highly tunable structure. The PCF infiltrated with NLC, called a photonic liquid crystal fiber (PLCF), combines the special properties of the passive PFC host structure and the active NLC guest material. This form of microstructure can be analyzed as a hexagonal matrix of waveguides. The linear light propagation in such a photonic structure is based on the coupling between the neighboring optical channels, which can be also defined as a discrete diffraction. The presented work takes advantage of the photonic liquid crystal fiber as a medium for the study of the discrete nonlinear propagation of light.
Discrete nonlinear propagation of light, including discrete generation of solitons, has been already demonstrated in the case of waveguide arrays realized in different materials [9] [10] [11] [12] [13] [14] [15] [16] [17] , including NLC cells with periodic modulation of refractive index [17] .
In this report we demonstrate both numerically and experimentally tunable discrete diffraction in the linear case, as well as self-focusing and defosusing of the beam at high power excitation in a hexagonal periodic structure such as liquid filled PCFs.
The picture and the scheme of the analyzed structure of PCF, called as 17LC PCF and fabricated at the Maria Curie Skłodowska University in Lublin (Poland) are shown in Fig. 1 . The geometrical parameters of such a fiber are as follows: the distance between neighboring holes (pitch) Λ = 5 5 µm and the holes' diameter = 4 0 µm.
Numerical results
In the analyzed structure of PLCFs the light can be guided not only due to the existence of the PBG but also due to the mTIR. In the latter case light propagates within the holes infiltrated with NLCs whose refractive index is higher than refractive index of the silica cladding. It is worth noting that the propagation mechanism depends mainly on the contrast between the refractive indices of the silica and of the NLC rods [18, 19] . In general, when the contrast between refractive indices is high enough a PBG is created and the light is confined in the central silica core. On the other hand, when the difference between the refractive indices decreases, transition of the light to the neighboring NLC rods is observed. The energy goes from one waveguide to neighboring ones in the form of discrete diffraction. Since NLCs optical properties can be easy modified by the external fields, tuning of the propagation mechanisms in PLCFs is possible [4] [5] [6] . The linear propagation of the light can be easily tuned thermally, since temperature has an important impact on NLCs refractive indices [20, 21] . Moreover, the character of the light propagation in the analyzed structure can be controlled by modification of the geometrical parameters of the PCF host structure (i.e. the holes' size and pitch), by variation of the initial waist of the beam [22, 23] or by change of the optical parameters of the infiltrated guest material (i.e. refractive indices or birefringence of NLCs) [4-6, 22, 23] .
Numerical simulations of the propagation of light in the analyzed PCF structure were carried out by using the BPM (Beam Propagation Method) and by injecting a Gaussian beam of initial waist 0 = 7 5 µm. The value of the refractive index of the silica cladding was taken as = 1 4535 at the wavelength of 793 nm. The analyzed problem was simplified by the assumption that holes are infiltrated with isotropic medium. The parameters of the numerical structure were taken to be exactly the same as in the experimental section.
Due to the fact that the molecular orientation of NLCs in the experiment was not controlled, in the numerical simulation the effective refractive index, defined as: = 2/3 + 1/3 [24] , was investigated (Fig. 2) .
In the linear regime (i.e. for low input optical power), when the refractive index of the infiltrating material is NLC = 1 5667 (whichcorresponds to the effective refractive index of 6CHBT NLC at room temperature -23
• C), the contrast between the refractive indices of the silica glass and the NLC rods is high enough and a PBG is created. Light is localized in the glass core whose refractive index is lower than the cladding's effective refractive index. The change in the value of the refractive index inside the holes allows for changes of the optical parameters. Decreasing the NLC refractive index leads to the situation in which the light escapes from the glass core to an increasing number of infiltrated holes. When the contrast between the core and cladding refractive indices is low enough the light is enable to tunnel into the surrounding holes, leading to broadening of the beam in the form of discrete diffraction. As a consequence, the energy redistributes among the neighboring guiding cores, as is clearly visible in Fig. 3a-c. Under certain conditions this broadening can be effectively compensated. The nonlinear medium used as an infiltration can respond to the presence of the light beam in such a way that the energy of the electromagnetic wave no longer spreads out but is focused towards the region of highest intensity. In this way the broadening of the light beam may be completely balanced by the focusing response of the medium and the light beam propagates without changing its spatial intensity profile. Please note that this can happen only in a medium with the positive nonlinearity.
In the nonlinear case numerical simulations were performed using the standard Kerr-like dependence, i.e. for refractive index which changes linearly with the light intensity: = 0 + 2 I. Figure 4 in the case of positive (focusing) nonlinearity ( 2 > 0), increasing the optical power leads to the self-localization of the light and to the elimination of the diffractive broadening. Finally, when the input beam is intense enough, nonlinearity balances diffraction and the light propagates in a limited region of the array. What is more, when the light beam is launched into the center of the one of NLC rods (Fig. 4d-f ) and its power is high enough, it is possible to obtain localization of the light in a single rod. The propagating light beam locally modifies the refractive index distribution and therefore it induces a local defect in the periodic structure. In this case the light can be self-trapped in this defect in the form of a discrete soliton. 
As is shown in

Experimental results & conclusions
Experiments were carried out in 17LC PCF with a length of a few centimeters. The cladding region of the fiber consists of air holes of diameter =4.0 µm arranged around the silica core in a hexagonal pattern with space-hole distance (pitch) Λ = 5 5 µm. The micro-holes were infiltrated with 6CHBT (4-trans-4'-n-hexyl-cyclohexylisothiocyanatobenzene) NLC [25, 26] using the capillary effect. The liquid crystalline infiltration has a refractive index higher than that of the silica. This results in the creation of a two-dimensional array of waveguides. The molecular orientation of NLC was not controllable. However very good propagation of the light in NLC rods in a distance of few centimeters was observed which suggests that the possible orientation inside the holes was nearly planar.
The experiments carried out were two-fold. First, the band-gap properties of the fiber were investigated. The input of the PCF was infiltrated with 6CHBT, the fiber was placed on a Peltier cell and illuminated with white light and the transmission of the core for different temperatures was observed using an Ocean Optics spectrometer.
Secondly the propagation mechanism, both for low and high power excitation, through infiltrated PCF fiber was tested.
The results obtained in the first step of the experiment are shown in Fig. 6 . As one can see increasing the temperature makes the PBG shift in the direction of shorter wavelength. The position of the peaks determines guiding modes with relatively low losses. This can be identified with the band gap's position and its width. While the temperature increases the effective refractive index of NLC decreases. It is why the contrast between the silica and NLC refractive indices decreases and as a consequence the PBG is shifted (Fig. 6a) . For the wavelength of 793 nm and for high enough temperature there is no propagation in the core due to the PBG and the light can propagate in the infiltrated holes region due to the discrete diffraction phenomenon.
It is important to note that the size of the forbidden gaps is proportional to the modulation of the refractive index [18, 19] . Therefore, if the index's modulation is changed by changing of the temperature or the light power, the propagation mechanism can be dynamically controlled in the analyzed structure.
In such a situation that the temperature decreases, the effective index of NLC increases, so that the contrast between silica on NLC rods refractive indices also increases and PBG shifting and widening in the direction of longer wavelength is observed (Fig. 6b) .
In the second phase the guiding properties of the infiltrated PCF fiber was investigated. The PCF sample was placed on a Peltier cell which allowed for changing the temperature of the infiltrated NLCs. The light beam from a linearly polarized Ti:Sapphire femtosecond laser (Tsunami, Spectra Physics, with a pulse duration about 80 fs, a repetition rate of 80 MHz and a pulse energy of about a nJ at the wavelength of 793 nm) was coupled into the one of the channels of the PCF array through a microscope objective. The output of the PCF of the length of about 5 cm was observed through a microscope objective connected to a CCD camera. A rotator, a polarizer and neutral filters mounted between laser and the PCF fiber input allowed for controlling the beam power (Fig. 7) .
Figures 8 presents the output profiles obtained at room temperature for which the ordinary and extraordinary refractive indices of the infiltrated NLC are close to 1.52 and 1.71 respectively at λ = 793 nm. In this case the beam propagates in the central glass silica core due to the creation of a PBG while the high refractive index contrast between the silica glass and the NLC exists. Increasing the temperature (over the value characteristic for the nematic-isotropic phase transition) decreases the refractive index contrast. The PBG is shifted and a large amount of light escapes from the central core to the neighboring NLC holes and propagates in the form of discrete diffraction when the fiber is heated. Fig.8a-c shows the output profiles when the temperature is increased from 20
• C to 45
• C. It was also observed that increasing the laser power leads to a situation in which the light beam begins to delocalize, spreading into the whole hole-filled region of the fiber. Figure 8d -f shows the transverse profiles of the beam after a propagation distance of few centimeters. For low optical power and at the room temperature (Fig. 8a) , the difference between the refractive indices of the holes and cladding refractive index is high enough and the fewmicrometers-waist input beam propagates mainly in the central glass core, which was excited at the input of the sample (i.e. the guided energy is localized in the silica core as a consequence of the photonic bandgap creation). When the input power increases, the thermal (negative) nonlinearity of NLCs becomes significant and the defocusing effect is observed. Due to the thermal nonlinearity the refractive index of NLCs core is locally decreased and the light experiences discrete diffraction. The beam is coupled to an increasing number of the adjacent NLC waveguides of the matrix. By changing the optical power, the range of discrete diffraction changes and eventually, for the high power excitation, the energy redistributes among the all neighboring NLCs guiding cores (Fig. 8e-f ).
In conclusion, we have presented a PLCF structure for the study of discrete nonlinear light propagation. The investigated geometry takes advantage of the special propagation properties of the PCF host structure as well as the thermal and all-optical response of the NLC active material, offering considerable flexibility both in the linear and nonlinear regimes. The presented structure enables one to investigate the transition from discrete diffraction to tocalization of the light, as well as to the generation of a discrete soliton. The theoretical predictions are in the good agreement with the experimental results.
